Abstract. Weakly interacting massive particles (WIMPs) are one of the leading candidates for Dark Matter. So far we can use direct Dark Matter detection to estimate the mass of halo WIMPs only by fitting predicted recoil spectra to future experimental data. Here we develop a model-independent method for determining the WIMP mass by using experimental data directly. This method is independent of the as yet unknown WIMP density near the Earth as well as of the WIMP-nuclear cross section and can be used to extract information about WIMP mass with O(50) events. .Fj data analysis
Introduction
Today astrophysicists have strong evidence [1] - [5] to believe that a large fraction (more than 80%) of the matter in the Universe is dark (i.e., interacts at most very weakly with electromagnetic radiation). The dominant component of this cosmological Dark Matter (DM) must be due to some yet to be discovered, non-baryonic particles. Weakly interacting massive particles (WIMPs) χ with masses between 10 GeV and a few TeV are one of the leading candidates for DM [6] .
Currently, the most promising method to detect different WIMP candidates is the direct detection of the recoil energy deposited in a low-background laboratory detector by elastic scattering of ambient WIMPs off the target nuclei [7] , [8] . The differential rate for elastic WIMP-nucleus scattering is given by [6] :
Here R is the direct detection event rate, i.e., the number of events per unit time and unit mass of detector material, Q is the energy deposited in the detector, F (Q) is the elastic nuclear form factor, and f 1 (v) is the one-dimensional velocity distribution function of the WIMPs impinging on the detector. The constant coefficient A is defined as
where ρ 0 is the WIMP density near the Earth and σ 0 is the total cross section ignoring the form factor 
where m χ is the WIMP mass and m N that of the target nucleus. Finally, v min is the minimal incoming velocity of incident WIMPs that can deposit the energy Q in the detector:
where we define
So far most theoretical analyses of direct WIMP detection have predicted the detection rate for a given (class of) WIMP(s), based on a specific model of the galactic halo. This can be used to estimate the mass of halo WIMPs only by fitting the predicted recoil spectra to future experimental data, e.g., [9] . The goal of our work is to develop methods which allow to extract information on halo WIMPs by using the experimental data directly. In our earlier work [10] we used a timeaveraged recoil spectrum, assumed that no directional information exists, and derived an expression for estimating moments of the normalized one-dimensional velocity distribution function of halo WIMPs:
where Q thre is the threshold energy of the detector, r thre ≡ (dR/dQ) Q=Q thre is an estimated value of the scattering spectrum at Q = Q thre . I n can be either determined from a given expression (e.g., a fit to data) for the recoil spectrum:
or estimated directly from the measured recoil energy:
where the sum runs over all events in the data set. Note that all these expressions are independent of the as yet unknown WIMP density near the Earth as well as of the WIMP-nucleus cross section. (More details about the reconstruction of the velocity distribution function of halo WIMPs and the estimate of its moments as well as all formulae needed can be found in Ref. [10] .)
Determining the WIMP mass
In this section we present a method for determining the WIMP mass based on the estimate of the moments v n from two (or more) experimental data sets with different target materials. The basic idea is that, from independent direct WIMP detection experiments with different target nuclei, the measured recoil spectra should lead to the same (moments of the) velocity distribution function of incident WIMPs, when the threshold energies of these experiments are low enough. Note that this can be done independent of the detailed particle physics model, which determines the value of σ 0 for the target nuclei. However, one will need to know the form factor of each target nucleus, which strongly depends on whether spin-dependent or spinindependent interaction dominates.
Moreover, as shown in Ref. [10] , because data binning is not required for estimate of the moments v n , some non-trivial information can already be extracted from O(20) events, it thus seems reasonable to expect that one can also obtain meaningful information about the WIMP mass with pretty few events.
Neglecting threshold energies
For the case that the threshold energy Q thre can be neglected, the n−th moment of the velocity distribution function, v n , in Eq.(6) can be reduced to
where X and Y are two target nuclei, I n,X , I 0,X and so on can be estimated by Eq. (7) or (8) . Note that the form factor F 2 (Q) in Eq. (7) or (8) for estimating I n,X and I n,Y are different. According to the definition of α in Eq. (5) with the expression of the reduced mass (10) with different combinations of target nuclei to the input (true) one as functions of the input WIMP mass. The theoretical predicted recoil spectrum for the shifted Maxwellian velocity distribution function [6] , [10] with the Woods-Saxon form factor [11] , [6] m r,N in Eq. (3), and using some simple algebra, one can solve the WIMP mass as
where we have defined Fig. 1 shows the ratios of the reproduced WIMP masses estimated by Eq. (10) with different combinations of target nuclei to the input (true) one as functions of the input WIMP mass.
28 Si, 40 Ar, and 76 Ge have been chosen as three target nuclei and thus three combinations for R n defined in Eq. (11) with n = 1 are shown. R n has been estimated by the integral form of I n in Eq. (7) with a maximal measuring energy of 200 keV. In Fig. 1 we can see obviously a deviation of the reproduced WIMP mass from the input (true) one as input m χ > ∼ 60 GeV/c 2 . The heavier the nuclear masses of two target nuclei, the larger the deviation from the true WIMP mass. This is caused by introducing the maximal measuring energy for estimating I n . For n = 1 and input m χ = 200 GeV/c 2 , the deviation with Q max = 200 keV is around 20%. However, for input m χ < ∼ 120 GeV/c 2 , this deviation will be less than 5%, and if Q max = 250 keV or 300 keV, this deviation will be reduced to 10% or even only 5%. Furthermore, the statistical error on the reproduced WIMP mass can be obtained from Eq.(10) directly as
The formulae for estimating σ 2 (I n,X ) = cov(I n,X , I n,X ), cov(I 0,X , I n,X ) and so on can be found in Ref. [10] . Fig. 2 shows the 1−σ statistical errors estimated by Eq.(12) with three different combinations of target nuclei as functions of the input (true) WIMP mass. Each experiment has 25 events, i.e., totally 50 events. Note that, in order to estimate cov(I n , I m ) above, a threshold energy Q min = 1 keV for both nuclei has been given. In Fig. 2 we can observe that the larger the mass difference between two detector nuclei, the smaller the statistical error will be. Hence, the combination with the largest mass difference, 76 Ge + 28 Si, will have the smallest statistical error. On the other hand, despite of the factor 1/|n| in Eq. (12), it has been found that the statistical errors increase generally with increasing n. Hence, n = 1 should be the best choice for m χ and σ(m χ ) in Eqs. (10) and (12), respectively.
Figs. 3 show the reproduced WIMP mass with the 1−σ statistical error by using 76 Ge and 28 Si as two target nuclei as a function of the input (true) WIMP mass. From the upper frame, it can be found that, despite of the very few (25 + 25, totally 50) events and correspondingly very large statistical error, for m χ ≤ 100 GeV/c 2 , one can already extract some meaningful information on the WIMP mass. For example, for m χ = 25 GeV/c 2 and m χ = 50 GeV/c 2 , we will reproduce m χ ≃ (25 ± 13) GeV/c 2 and m χ ≃ (50 ± 31) GeV/c 2 . For the case with 500 (250 + 250) total events, the statistical error will be reduced to less than 5 and 10 GeV/c 2 , respectively! Certainly, as shown in the lower frame of Figs. 3, for the case with 500 total events, the deviation of the reproduced WIMP mass from the input one becomes important. Nevertheless, in practice, an experiment with more than 200 events should have a larger maximal measuring energy, and, as discussed above, the deviation can (should) be strongly reduced.
For the simplified simulations with the integral form of I n presented above, the event numbers from both experiments have been considered to be equal. Practi-cally experiments with the higher mass nuclei, e.g., Ge or Xe, are expected to measured (much) more signal events. However, some detailed simulations show that, the reproduced WIMP mass with the statistical uncertainty estimated by two experiments with different maximal measuring energies and different exposures, or, equivalently, different event numbers, will be modified only slightly from that shown in Figs. 3. Moreover, a detailed analysis of contributions from different terms of σ(m χ ) show that one can not reduce the statistical error of m χ estimated by Eq.(12) by improving only one experiment with even very large event number, since the contribution from the other (poor) experiment will dominate the error.
Taking into account threshold energies
For the case that Q thre in Eq. (6) can not be neglected, R n defined in Eq. (11) should be modified to the following general form:
thre,X r thre,X + (n + 1)
where n = 0. In this general form of R n there are totally six variables: r thre,X , I n,X , I 0,X and the other three for nucleus Y . This should generally produce a larger statistical error than that estimated by Eq.(12) due to the contribution from r thre . However, one can practically reduce the number of variables by choosing n = −1:
Summary and Conclusions
In this paper we have presented a method which allows to extract information on the WIMP mass from the recoil energy measured in elastic WIMP-nucleus scattering experiments directly. In the long term this information can be used to constrain e.g., SUSY models in the elementary particle physics and compare with information from future collider experiments. Our method for determining the WIMP mass by combining two (or more) experiments with different detector materials is independent of the as yet unknown WIMP density near the Earth as well as of the WIMP-nucleus cross section. The only information which one needs is the measured recoil energy.
Due to the maximal measuring energy of the detector, there will be a deviation of the reproduced WIMP mass from the true one. Nevertheless, for experiments with very few events and thus a quite large statistical error in the near future, this deviation should not affect the reproduced WIMP mass very significantly. Moreover, the numerical analysis shows also that, for WIMP masses ≤ 100 GeV/c 2 some meaningful information on the WIMP mass can already be extracted from O(50) total (each experiment O(25)) events.
The analyses of this work are based on several simplified assumptions. First, all experimental systematic uncertainties, as well as the uncertainty on the measurement of the recoil energy have been ignored. Comparing with large statistical uncertainty this should be a quite good approximation. Second, the analysis treats each recorded event as signal, i.e., background has been ignored altogether. This may in fact not be unrealistic for modern detectors. Third, each detector consists of a single isotope. This is quite realistic for the semiconductor detectors. For detectors containing more than one nucleus, by simultaneously measuring two signals, one might be able to tell on an event-byevent basis which kind of nucleus has been struck.
